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Abstract. This paperdescribestheanalysisusedto determinetheneutralcurrentπ0 productionin
MiniBooNE in binsof momentum.Additionally, ameasurementof therelativecoherentproduction
of π0s is discussed.Thecoherentproductionrateis foundto be(19.5

�
1.1 (stat)

�
2.5 (sys))%of

thetotal exclusiveneutralcurrentπ0 productionrate.

INTR ODUCTION

Neutralcurrentπ0 � productionis a potentialmajor backgroundto the νe appearance
signalthatMiniBooNE is lookingfor in its testof LSND [1]. As suchthemainobjective
of this analysisis to measurethe rateof π0 productionso thatmisidentificationin the
νe oscillation samplecan be determinedas a function of reconstructedνe energy in
the charged currentquasi-elasticmode.As a result the initial productof the NC π0

analysiseffort is not anabsolutecrosssection.Insteadit is a measurementof the total
π0 productionin bins of momentum,and a measurementof the coherentproduction
which effectively fixesthe angulardistribution. The analysisdescribedherewasused
in the recentoscillationanalysisreportedby MiniBooNE [2] to fix the π0 production
in the Monte Carlo basedon the observed π0 ratesin data.In addition,the dynamics
of neutrinoinduced,neutralcurrentπ0 productionis of interestin its own right. The
analysisshown herebuilds uponthework previouslyshown at NuInt04[3].

DETERMINING π0 PRODUCTION IN MOMENTUM

The event selectionbegins with a setof pre-cutsthat exactly matchthe pre-cutsused
in the electronneutrinoselection.The event musthave only a primary event without
evidenceof a secondaryeventconsistentwith a muondecay(or Michel electron).This
eliminatesthe vast majority of charged currentνµ interactions.The event must have
more than 200 hits in the main tank. This is well above the Michel endpoint.The
eventmusthave fewer than6 vetohits. This eliminatesmorethat99.9%of all cosmic
rays.Additionally, all eventsmustbe in the1.6 µs beamspill window, althoughby the
time the all othercutsareappliedthis is essentiallyall that remains.The determined
productionratesare all relative to thesepre-cuts.Therefore,if one is interestedin
computinga crosssectionfrom thesenumbers,it would be important to understand
theinefficiency of thesecuts(for examplefrom theoverlapof two neutrinointeractions,
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or of a singleneutrinointeractionwith a cosmicray) andthe effective target volume,
which is largely setby thevetocut.

The analysiscutsarebasedon the reconstructionwhich fits eachevent with muon,
electronand π0 hypotheses.Eachfit producesa likelihood,and the log of the ratio
of differentlikelihoodhypothesesareusedfor particleidentification.In thefirst stage,
electron-like eventsareselectedby applyingthecut log

���
µ � � e ��� 0	 05.Next theπ0-

like eventsareselectedwith log
���

π � � e ��
 0. Whencoupledwith a reconstructedγγ
masscut,abouttheπ0 mass,averycleansampleof π0 events(signalto noiseratio � 30)
is selectedwith anoverallefficiency of about40%.

The π0 candidateeventsaredivided into bins of reconstructedπ0 momentum,and
theMonteCarlo(MC) is usedto unsmearthedata,correctingfor momentumsmearing
andinefficiency. A matrix is formedby dividing MC eventsinto binsof truemomentum
versereconstructedmomentumandcountingeventsover backgroundin eachbin. Each
matrix elementis divided by the total numberof eventsin all reconstructedbins with
the sametrue momentumrange.This matrix, which is well conditionedand largely
diagonal,is inverted to form the unsmearingmatrix. The data vector is formed by
dividing the candidateevents into the samereconstructedbins and subtractingthe
backgroundin eachbin accordingto the signal to noise ratio for the corresponding
MC reconstructedrange.The unsmeared,or corrected,dataratesare the productof
the unsmearingmatrix and the datavector. Figure1 shows an absolutelynormalized
comparisonof the raw MC predictionto the correcteddatadistribution. The ratio of
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FIGURE 1. Resultsof the π0 unsmearingin bins of momentum.The blue pointsshow the corrected
pi0 momentumdistributionandtheredpointsshow theraw MonteCarloπ0 momentumdistribution.This
comparisonis shown absolutelynormalized.
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FIGURE 2. The π0 reweightingfunction,which is usedto correctthe π0 rateof the Monte Carlo in
binsof momentum.This functionis just theratioof thedistributionsshown in Figure1.

thesetwo distribution formsa correctionfunction(Figure2) which is usedto reweight
π0 eventsasa functionof truemomentum,in theMC.

By construction,the reweightingfixesthe discrepancy betweendataandMC in re-
constructedπ0 momentum.Additionally, it alsoimprovesagreementin many of thekey
kinematicdistributions.Figure3 shows therelatively normalizeddatato MC compari-
sonfor boththeraw andcorrectedMC. Thekinematicdistributionsshown arethecosine
of theγγ openingangle,theγ energiesandtheγγ mass.Theopeningangleandenergy
comparisonsshow marked improvement,while agreementin the massdistribution is
largelyunaffectedby thereweighting.

RESONANT AND COHERENT π0 PRODUCTION

In neutrino-nucleusinteractions,therearetwo mainmechanismsfor π0 production.The
π0 canresultfrom thedecayof aresonance,suchasa∆ � or ∆0, thatwasproducedin the
primaryinteraction,or it canbeproducedcoherentlyoff of theentirenucleus.Coherent
andresonantproductionhaveverydifferentdistributionsfor thepionanglewith respect
to the beamdirection– the extra massof the resonancetendsto broadenthe angular
distribution,while thecoherentpionspile-up in theforwarddirection.This factcanbe
usedto fit therelativecontributionof thetwo productionmechanisms.

The π0 candidateeventsin the momentumreweightedMC are usedto form three
templates:one for resonantevents,one for coherentevents,andone for background.
While theangulardistribution for thecoherentandresonanteventsarequite different,
the coherentandbackgroundeventsaresomewhat similar. So the templatesaremade
in two dimensions:the first dimensionis a function of angle(Eπ

�
1 � cosθ � ) and the

seconddimensionis mass.The morecomplex angularfunction is usedbecauseit has
a consistentshapefor coherenteventsacrossall π0 momentaat MiniBooNE energies.
Variablebinningis usedsuchthatthetotalnumberof MC eventsin eachbin is approxi-
matelyequal.Thenumberof binsin eachprojectionis varied,independently, from 15to
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FIGURE 3. A comparisonof raw andcorrectedMonteCarloto datafor variousπ0 kinematicdistribu-
tions:a) theopeningangelbetweenthe two gammas,b) energy of themostenergeticgamma,c) energy
of the leastenergeticgamma,d) γγ mass.In all plots the correctedMonte Carlo is in asgoodor better
agreementwith thedatathanis theraw MonteCarlo.

25, for a total of 121fits, andtheaveragefit parametersareused.Figure4 shows thefit
resultplottedagainstdatain thetwo projections.For theMiniBooNE flux anddetector,
with theNUANCE generator[4] providing thesecondaryinteractionmodel,thefit finds
that(19.5� 1.1)%of all exclusiveneutralcurrentπ0 productionis coherent.Thisshould
becomparedto theraw MC which predicts30%coherentfor theMiniBooNE flux and
detector.

To determinethebestoverallproductionparameterization,thebinnedmomentumand
coherentfits areiterated.Theiterationconvergesafteronly oneround.In theoscillation
analysis,theMC is correctedin bothmomentumandcoherentfraction.

In thecoherentanalysis,anumberof possiblesourcesof systematicerrorwereinves-
tigatedincluding:choiceof binning,backgroundcomposition,momentumreweighting,
neutrinoflux, choiceof analysiscuts,anddetectormodel.Table1 lists the error esti-
mationfrom eachof thesesources.By far, the largestsourceof systematicerror is the
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FIGURE 4. MonteCarlooverlayof thetemplatefittedπ0 datain a)γγ mass,andb) E ' 1 ( cosθ ) .

detectormodel,whichcomesprimarily from theuncertaintyin thereconstructedenergy
scale.

As a testof the modeldependenceof thecoherentfraction, thedatawererefit after
significantmodificationsof theMC modelparameters.Fivevariationson theNUANCE
modelwereexplored:

• The coherentaxial massassumedin the Rein-Sehgalcoherentmodel [5] was
decreasedby a factor of three.This particularexcursionwas chosenbecauseit
is what would be neededto bring the predictedcoherentπ0 crosssectioninto
agreementwith themeasuredMiniBooNE coherentrate.While thenormalizationis
givenby thefit, thischangedoesalterthedistributionof kinematicsfor thecoherent
events,andthereforecanchangethefit result.

• Diffractive events,which arisefrom coherentscatteringoff hydrogentargets,ac-
count for 16% of all coherenteventsin MiniBooNE. In this variationdiffractive
eventswereremoved from the coherentfit template.The diffractive contribution

TABLE 1. Contributionsto thesystematicerrorsin the
coherentfraction.Errorsaregivenin percentcoherent.

Source Err or (%)

Binning 0.21
BackgroundModel 0.64
Reweighting 0.51
Flux 0.06
AnalysisCuts 0.51
DetectorModel 2.34

All Systematics 2.54



tendsto beslightly lessforwardpeakedthanthecoherentscattersoff carbon,and
hencetheir removal impactstheshapeof thecoherentfit template.

• The axial mass,M1π
A , assumedin the Rein-Sehgalresonantmodel[6] wasvaried

by � 25%of its default value.Altering theaxial form factorparameteraffectsthe
resonantcontributionat low Q2.

• Thenuclearmodelaffectingresonantπ0 eventswasmodified:
– Thebindingenergy in theFermiGasmodelwasvariedby 177%from 34MeV

to 60 MeV.
– The Fermi momentumin the Fermi Gas model was varied by 72% from

246MeV/c to 423MeV/c.
The variationsarequite large andspecificallyimpact the resonantpredictionsat
low Q2. By reducingthenucleareffects,onecantestwhetherlargechangesto the
FermiGasmodel,not from coherentscattering,canimprove agreementto datain
themostforward(or low Q2) region.

• The∆ decayangulardistributionwasvariedfrom thedefaultmodel,which is from
ReinandSehgal[5]. Thevariationsincludedisotropicdecayin thecenterof mass
frame, a pure spin 1/2 decay, and a pure spin 3/2 decay. The default model in
NUANCE is isotropic decayand, in making the switch to the Rein and Sehgal
decaydistribution,asignificantshift in thecoherentfractionwasobserved.

Thefitted coherentfractionandfit confidencelevelsfor eachof thesestudiesaregiven
in Table2. In addition,thefit confidencelevel for fits with thecoherentfractionfixedto
zeroarealsogiven.Thezerocoherentfitsshow clearlyshow thatnoneof thesevariations
preferacoherentfreeproductionmodelashasbeensuggestedby theK2K chargedpion
study[7].

TABLE 2. Averagefitted coherentfractionsandconfidencelevelsfor fits with severalvaria-
tionsof thecrosssectionmodel,includingthestudyof theangulardistribution of the∆ decay.
The default model’s angulardistribution is given by the model of Rein and Sehgal[5]. The
confidencelevel is alsogivenfor fits wherethecoherentfractionis fixedto zero.

Variation Coherent Avg. C.L. (%)

Fraction (%) Coh. No Coh.

DefaultModel 19.5
�

1.1 5.97 1.8 * 10+ 16

MA Coherent 19.1
�

1.1 5.73 3.8 * 10+ 17

No Diffractive 17.9
�

1.0 11.63 5.7 * 10+ 17

M1π
A ResonantHi 17.9

�
1.1 3.27 1.5 * 10+ 14

M1π
A ResonantLo 21.1

�
1.1 5.00 7.2 * 10+ 22

BindingEnergy Hi 19.4
�

1.1 5.85 6.4 * 10+ 16

BindingEnergy Lo 19.6
�

1.1 6.29 2.2 * 10+ 17

FermiMomentumHi 18.2
�

1.1 3.29 1.3 * 10+ 15

FermiMomentumLo 21.0
�

1.1 4.24 4.6 * 10+ 23

Isotropic∆ Decay 18.1
�

1.1 1.88 1.8 * 10+ 16

PureSpin3/2 20.8
�

1.0 3.49 1.7 * 10+ 18

PureSpin1/2 16.9
�

1.2 0.01 1.3 * 10+ 19



CONCLUSIONS

Neutralcurrentπ0 productionis botha majorpotentialbackgroundto theMiniBooNE
oscillationanalysisandanopportunityto make high impactmeasurementsin neutrino
crosssections(with theworld’s largestdatasetof 0.5 to 2 GeV neutrinointeractions).
The analysisdescribedherehasresultedin a direct measurementof π0 productionin
theMiniBooNE detector, which is critically importantfor estimatingtheπ0 misidenti-
ficationbackgroundto νe appearance.In addition,thecoherentπ0 production,relative
to total exclusive π0 production,wasmeasuredandfoundto be(19.5 � 1.1 (stat) � 2.5
(sys))%.
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